have detrimental effects on human health, plants and ecosystems (Bell M. L., 2005; Emberson et al., 2003) . As a country with rapid urbanization and industrial development in recent years, O 3 pollution is of great concern in China (Chan et al., 2008) . Due to the sharp rise in anthropogenic emissions since 1990s, surface O 3 in the background atmosphere of South China has seen its steady increase at an average rate of 0.58 ppbv/yr during the period of 1994 -2007 . As the most urbanized and industrialized regions in South China, Pearl River Delta (PRD) has experienced severe photochemical pollution with surface O 3 levels frequently exceeding the Hong Kong health standard (1-hr average 240 μg/m 3 or 120 ppb), especially in autumn season with northerly winds and clear sky conditions (Huang et al, 2005) .
In order to protect public health, China air quality managers have implemented a variety of policies to reduce emissions and ambient concentrations of O 3 precursors.
However, other than precursor emissions, meteorological factors such as temperature, water vapor, precipitation, cloud cover, wind speed, and mixing depth also play significant roles on O 3 formation and depletion in the boundary layer. Climate change induced by greenhouse gases could significantly affect the meteorological conditions in the future. Thus this potential change should be taken into account when implementing the emission reduction policies aimed at reducing the negative impacts of O 3 .
The need for an understanding on the impact of climate change on O 3 formation and depletion using coupled general circulation model (GCM) and chemical transport model (CTM) is highlighted in a number of reviews and recent studies. Jacob et al.
(2009) reviewed a large number of GCM-CTM studies. They examined the impact of climate change on O 3 concentrations in regional scales and pointed out that surface O 3
would be projected to increase by 1-10 ppb in summertime at polluted regions. Using global climate and chemistry models, Wu et al. (2008) Most of the studies investigating the impact in eastern Asia and South China are included in global GCM-CTM study results. Regional model studies have been limited. The aim of this paper is to study the contributions of future climate change and emission change to surface O 3 in South China using WRF/Chem model system.
In this paper, South China refers to the area including the provinces of Guangdong, Hainan, Fujian, parts of Fujian, Hunan, Guangxi, and 2 special administrative regions (SAR): Hong Kong and Macau. In section 2, we describe the methodology and the input data adopted in this study. The model performance is evaluated in section 3. In section 4, future climate change and its impact to biogenic emission and surface O 3 are presented. In section 5, the effect of anthropogenic emission change and the combined climate change and emission change effect on O 3 formation are investigated.
In section 6, sensitivities of surface O 3 over rural, urban and ocean regions are discussed. We present conclusions and future research suggestions in section 7.
Methodology

Model description and configuration
The WRF/Chem version 3.0 was applied to simulate the O 3 air quality in this study.
Detailed descriptions of WRF/Chem model can be found in Grell et al. (2005) . Briefly, this is a new generation of regional air quality modeling system developed at National
Center for Atmospheric Research (NCAR). The coupled modeling system is composed of meteorological component (WRF) and air quality component (Chem), which are fully coupled using the same coordinates and physical parameterization.
Study conducted by Jiang et al. (2010) has shown that WRF/Chem has relatively good capability on simulating trace gases in China.
The detailed options of physical and chemical parameterization scheme used in this study are shown in Table 1 . An Urban Canopy Model (UCM) coupled with the Noah Land Surface Model (Noah/LSM) was adopted for better simulating the urban effect on meteorological conditions and surface O 3 distribution. In the WRF/Chem model, the default U.S. Geological Survey (USGS)-based land cover data is too old to reflect the intensive land-cover change undergoing in China since 1990s. So we mapped the urban land cover data acquired from the 2000 MODIS land cover product into the simulation domains to replace the default USGS data as described by Jiang et al. (2010) . For the gas phase chemistry, Carbon-Bond Mechanism version Z (CBMZ) was applied which contains 55 prognostic species and 134 reactions (Zaveri et al., 1999) . Based on original Carbon Bond Mechanism (CBM-IV), CBMZ includes reactive long-lived species, revised isoprene chemistry, and optional DMS chemistry.
The Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) was adopted as the aerosol chemistry option in simulation, with aerosol size distribution divided into eight discrete size bins (Zaveri et al., 2008) . Initial and boundary conditions for the gas phase variables are using the default profiles in WRF/Chem collected from the aircraft measurements over the eastern Pacific Ocean (McKeen et al., 2002) . Boundary conditions for O 3 NO x and CO are varying with altitude.
Specifically, at surface, O 3 condition is fixed at 30 ppb, and increasing exponentially to 40 ppbv at 2 km, then increasing to 150 ppb at the model top. There are no adjustments for chemical boundary conditions in the future year simulations which may result in some uncertainty in the model results.
Two nested domains were defined in the simulation, which are shown in Figure 1 Report for evaluation (Meehl et al., 2005) . The simulation during 2000-2099 is performed with greenhouse gas concentrations followed the A1B scenario from IPCC Special Report on Emission Scenarios (SRES). The A1B scenario is representing a mid-line scenario for carbon dioxide emissions and economic growth compared with other SRES emission scenarios. We choose two periods of three years in 2000s (2005) (2006) (2007) and 2050s (2055) (2056) (2057) to provide the regional model with present and future years meteorological inputs.
Emission inventory
The has been applied to estimate the Asia biomass burning (Streets et al., 2003) . We then specified monthly variations of anthropogenic and biomass burning emissions following the work of Zhang et al. (2009) and Streets et al. (2003) , respectively. 
Experiments design
This study conducts five cases of numerical experiments to evaluate the climate change impact, the anthropogenic emission change impact and their combined impacts on surface O 3 concentration. Different sets of simulation periods, meteorological conditions, and anthropogenic emissions are listed in Table 2 
Evaluation of model performance
In our study, the meteorological initial and boundary conditions of WRF/Chem are provided by a global climate model instead of reanalysis data. In order to evaluate the model performance and downscaling effect, simulation results of meteorological factors are compared with the global GCM outputs, since the CCSM3 outputs used for the comparisons have been extensively evaluated ( Collins et al., 2006) .
Using sensitivity analysis (MM5-CMAQ), Wei (2012) Monitoring Center over PRD region ( Figure 1c) were also evaluated. The result indicated that the model has a relatively good performance in simulating surface O 3 over PRD region, with mean bias at -0.9 ppb (Table 3 ). We also notice that the model also well captured the high O 3 at TH and XP sites. 
Changes in Surface Biogenic Emissions driven by climate change
For their contributions to the formation of surface O 3 , the study of estimating biogenic emissions is of great concern at both regional and local scales. Meteorological conditions that have been known to be associated with high biogenic emissions are high radiation, high temperatures, and high relative humidity.
Our model simulates a significant increase of isoprene and monoterpenes emissions from 2000s to 2050s in response to the change of radiation and surface temperature. They examined the sensitivity of BVOC emissions to warmer climate in future in the United States under the A1B scenario and found that the isoprene and terpene emissions are projected to increase 20-92% and 20-56% respectively by 2050s. The significant increase is largely determined by the large temperature increase and high forest coverage over this region. According to Lerdau et al. (1997) experiments, the emission rate may increase rapidly with increasing surface temperature from 15°C to 40°C. Although above 40°C, high temperature can inhibit the biogenic emission production. However there is no predicted hourly surface temperature higher than 40°C during the simulation period in this study.
On an absolute change basis, the highest increase in isoprene emissions occurs over the northeast area of the modeling domain (Jiangxi and Fujian mountain area), with an increase up to 6.5 mol km -2 hr -2 (Figure 7a ). On average, the isoprene emissions are predicted to increase by about 1.0 mol km -2 hr -2 . The changes of monoterpenes emissions follow a pattern similar to isoprene, with the highest increase up to 2.0 mol km -2 hr -2 occurring over the Jiangxi, and Fujian mountain area (Figure 7c ).
Changes in Surface O 3 driven by climate change
Our model simulates a significant difference of the O 3 concentrations between the CL2050EM2000 and CL2000EM2000 within the period 12-18 LST (Figure 8a ). In 55% compared to present-day simulation. Thus, the isoprene mixing rations is predicted to increase 30 to 80 ppt over the rural forest regions (Figure 8c) . NO x emissions from soil increase in the 2050 climate due to higher soil temperature and moisture. The thermal decomposition rate for peroxyacetyl nitrate (PAN) is highly dependent on temperature (Sillman et al., 1995) . Since the increasing temperature in the 2050s can enhance the decomposition rate of PAN (Figure 8d ), there will be more Figure 9c shows that the change in DEP process is between -2 to +2 ppb, basically there is little change in deposition process. Although the surface O 3 will increase in future, at the same time convection will also be enhanced due to warmer temperature. Increase in downward flux due to diffusion will be offset by increase in upward flux due to increase in convection activities. It can be seen that the changes in boundary layer O 3 budget was dominated by the CHEM process. The TRAN and DEP processes were relatively small compared to the CHEM process except in PRD region.
Impact of anthropogenic emission change on ozone air quality
According to IPCC SRES report, anthropogenic emissions of O 3 precursors including NO x , CO, and VOC are projected to increase by 82%, 111%, and 184% compared to This study provides us a scope of understanding how the future climate and emission will affect the surface O3 air quality over South China. One important conclusion is that even under very stringent pollution control measures so that emission level at 2050s is kept at 2006 level, surface O 3 concentration still increase due to climate change. The second point is that O 3 increase caused by increase in anthropogenic emission (A1B scenario) is much worse than that caused by climate change so emission control measures are mandatory. Third, O 3 control policy is not straight forward. Figure 10a indicates that when anthropogenic emissions are greatly increased, regionally O 3 increased but O 3 over metropolitan area will be reduced due to titration effect.
In this study, we access the impacts of climate and emission change under the A1B scenario. In order to gain a comprehensive understanding, it is necessary to apply a serious of scenarios for investigation in the future. Furthermore, China is undergoing significant urbanization processes and will definitely continue in future decades. The effect of changes in land use should be taken into account. Microphysics WRF Single-Moment 6-class scheme (Hong and Lim, 2006) Long wave Radiation RRTM scheme (Mlawer et al., 1997) Shortwave Radiation Goddard shortwave (Chou and Suarez, 1994) Surface Layer Moni-Obukhov scheme ( (Monin and. Obukhov, 1954) Land Surface Noah Land-Surface Model (Chen and Dudhia, 2001) Planetary Boundary layer YSU scheme (Hong and Pan, 1996) Cumulus Parameterization Kain-Fritsch scheme (Kain, 2004) Chemical Mechanism CBMZ (Zaveri and Peter, 1999) Photolysis scheme Fast-J photolysis (Wild et al., 2000; Barnard et al., 2004) Aerosol Module MOSAIC using 8 sectional aerosol bins (Zaveri et al., 2008) 
